Introduction
Essential tremor (ET) is a neurological disorder characterized primarily by action tremor. The diagnosis, a clinical one, is based on history and neurological examination. Until recently, ET was considered a simple, monosymptomatic disorder with a benign course. This view is reflected in commonly used diagnostic criteria, which specify that the presence of other abnormal findings on neurological examination are exclusionary of ET [Nahab et al. 2007] . In more recent years, however, this traditional view of ET has been challenged, with the accumulation of evidence that tremor is not the sole feature of ET, but rather, the most initially obvious one in a syndrome that can include cognitive and psychiatric features as well as impairments of balance and gait [Chandran and Pal, 2012; Louis and Okun, 2011] . This and other issues are among the core topics in a debate over disease diagnosis and definition [Benito-Leon et al. 2007; Bermejo-Pareja, 2011; Deuschl and Elble, 2009 ]. Impairments of balance and gait in patients with ET were anecdotally reported by clinicians long before a more formal association was explored [Critchley, 1972] . Initially, however, the presence of such impairments was considered to be very uncommon and simply age related. Greater awareness of subtle balance and gait deficits in ET emerged later, when gait and balance were assessed in case-control studies [Singer et al. 1994 ]. Thus, a series of studies followed that expanded our knowledge by defining the nature of impaired gait in ET, the relation between impaired gait and specific characteristics of the tremor, and the risk factors for developing such balance and gait deficits in ET. Still, until now, most studies in this field have been restricted to bedside examinations and laboratory settings. How to translate objective findings from these artificial environments to daily disabilities is still somewhat elusive. Therefore, after more than a decade of investigations, many gaps in our knowledge exist. The true impact of balance and gait impairments on the quality of life in patients with ET and on their risk for falls is not well defined, the potential benefit of therapeutic interventions to improve balance and gait has only scarcely been studied, and the anatomical correlates for these impairments is currently only speculative.
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In this review, we summarize current knowledge regarding balance and gait impairments in ET. We review objective findings from the bedside studies to more sophisticated gait analysis. Current evidence for the presence or absence of subjective impairments in daily life is then reviewed. The implications of these data on clinical practice will be discussed and, based on the questions that are still open in this field, we suggest several future questions for investigation.
Physical findings: from the naked eye to three-dimensional gait analysis
A number of diverse methods have been used to assess the association between balance and gait impairment and ET (Table 1 ). The simplest of them, the tandem, or heel-to-toe walk, is a sensitive, quick and easy-to-apply, bedside test that can even detect minor impairments of balance and gait. In general, increased number of mis-steps (out-of-line steps) during tandem walk is a risk factor for future falls [Nevitt et al. 1989 ]. This numeric value was used to compare the performance of patients with ET with that of agematched healthy controls. The finding that patients with ET had more mis-steps during tandem walk served as initial evidence for the presence of balance and gait abnormalities among patients with ET [Singer et al. 1994] . In that study, half of the patients with ET had at least two missteps out of 10 consecutive tandem steps compared with only a quarter of the healthy controls.
A similar finding has been consistently replicated in different studies [Hoskovcova et al. 2012; Hubble et al. 1997; Lim et al. 2005; Louis et al. 2010; Stolze et al. 2001] .
The subsequent use of other performance-based scales (see Box 1) to study balance and gait in ET revealed the presence of deficits in patients with ET. Some of these scales have been validated to predict falls [Lajoie and Gallagher, 2004] but were never validated for this purpose in ET. Their main disadvantage is that they are time consuming, and therefore, are less suitable for use in routine clinical settings. Patients with ET received lower scores on the Berg Balance Scale (BBS), which rates balance during static and dynamic activities [Earhart et al. 2009; Louis et al. 2012; Parisi et al. 2006 ], and on the Dynamic Gait Index (DGI), in which the patient's gait is assessed under different conditions [Parisi et al. 2006 ]. Patients with ET also received lower scores in scales that were less specific for imbalance and could easily be influenced by other neurological impairments. These include the Timed Up & Go test (TUG) (the mean TUG score was 18-23% longer in patients with ET than controls) [Earhart et al. 2009; Parisi et al. 2006 ] and the International Cooperative Ataxia Rating Scale (ICARS), which incorporates assessments of a range of cerebellar signs involving gait, speech and ocular movements [Fasano et al. 2010; Hoskovcova et al. 2012; Kronenbuerger et al. 2009 ].
Impairments of balance and gait in ET, which were initially observed using the above-mentioned bedside methods, were later studied and quantified using a variety of laboratory devices [Bove et al. 2006; Earhart et al. 2009; Fasano et al. 2010; Hoskovcova et al. 2012; Kronenbuerger et al. 2009; Ondo et al. 2006; Parisi et al. 2006; Rao et al. 2011; Stolze et al. 2001 ]. Laboratory devices, either motor-driven treadmills or sensor-embedded free-walking surfaces (e.g. GaitRite, Footscan), Box 1. Scales that have been used for studying balance and gait in essential tremor.
• • Berg Balance Scale (BBS): this performance-based scale consists of 14 items that cover a range of mobility tasks from simple ones such as transfers and standing unsupported to more difficult ones such as tandem standing, turning 360° and single-leg stance. The highest score is 56. A score lower than 41 is correlated with increased risk for falls [Earhart et al. 2009; Louis et al. 2012; Parisi et al. 2006 [Fasano et al. 2010; Hoskovcova et al. 2012; Kronenbuerger et al. 2009 ] • • Activities-specific Balance Confidence scale (ABC): a 16-item self-administered questionnaire that scores the level of confidence in performing different activities, such as standing on the tiptoes in order to reach for an object or walking outside on icy sidewalks, without losing balance or becoming unsteady. Each activity is scored between 0 (minimal confidence) and 100% and all the results are averaged. A cutoff score of 67% was found to be optimal to separate fallers from nonfallers [Earhart et al. 2009; Hoskovcova et al. 2012; Parisi et al. 2006 ]. ABC-6 is a shortened six-item version of this scale [Louis et al. 2012] enabled investigators to assess physiological parameters of balance and gait that were harder to assess with the naked eye. These parameters included body sway, step variability and joint kinematics. The different laboratory methodologies that were used to study gait in ET largely yielded similar and complementary results. During normal walking, gait abnormalities were mild among patients with mild to moderate ET. These abnormalities included wider step, more variable stride and mildly reduced speed [Stolze et al. 2001] , probably due to reduced stride and not to reduced number of steps per minute (cadence). A more severely affected population also had lower cadence [Earhart et al. 2009; Fasano et al. 2010; Rao et al. 2011 ] and longer phase of gait cycle with double-limb support, even during standard walking [Earhart et al. 2009 ]. By comparison, during tandem gait, abnormalities were more obvious and included slower speed [Earhart et al. 2009; Fasano et al. 2010; Hoskovcova et al. 2012; Rao et al. 2011] and, similar to patients with cerebellar ataxia, a broad and dysmetric gait [Stolze et al. 2001 ].
Balance was assessed through the use of posturography, which measures body sway under different conditions [Bove et al. 2006; Hoskovcova et al. 2012; Kronenbuerger et al. 2009; Parisi et al. 2006 ]. Conclusions regarding balance in ET have covered the whole spectrum, ranging from normal among patients without head tremor [Bove et al. 2006 ] to severely impaired [Kronenbuerger et al. 2009 ]. Apparent contradictory findings are probably the result of differences in the populations that have been sampled (mildly versus severely affected patients with ET), diagnostic criteria used (i.e. inclusion versus exclusion of patients with intention tremor or other signs of cerebellar dysfunction) and the wide differences between study conditions (e.g. less versus more challenging conditions). Overall, it seems that balance impairments are more obvious among the more severely affected patients under more challenging conditions [Kronenbuerger et al. 2009 ]. Therefore, the balance of patients with mild disease was found to be normal during natural stance [Bove et al. 2006; Hoskovcova et al. 2012] , only minimally impaired during tandem stance [Hoskovcova et al. 2012; Parisi et al. 2006 ] and severely affected with large increases in sway area, even leading to more falls (in ET versus control comparisons) during highdemanding tasks such as combined moving platform with moving visual surround [Kronenbuerger et al. 2009 ].
Do balance and gait deficits impact on patients?
A patient-centered approach requires a direct estimation of the burden that the aforementioned deficits impose on the lives of patients with ET. To estimate this burden, the Activitiesspecific Balance Confidence (ABC) scale was used [Earhart et al. 2009; Louis et al. 2012; Parisi et al. 2006 ]. In this self-administered questionnaire patients are asked to rate their level of confidence in performing different activities without losing their balance or becoming unsteady. Their score can predict the risk for future falls [Lajoie and Gallagher, 2004] . In several studies, patients with ET received lower scores [Earhart et al. 2009; Louis et al. 2012; Parisi et al. 2006 ] and therefore were subjectively less stable. For community-recruited ET cases with relatively mild tremor, the average ABC scale value was only minimally reduced (i.e. a 10-point mean difference) and did not cross the suggested threshold for increased risk for falls [Parisi et al. 2006 ]. However, patients with moderate to severe ET who required bilateral thalamic deep brain stimulation (DBS) surgery had even lower ABC values (patients with ET 66% ± 20.1%, healthy controls 95.8% ± 5.1%) [Earhart et al. 2009 ]. Both of these studies reported the statistics for the study sample, yet information regarding the percentage of ET patients with an ABC score that crosses a predictive threshold for falls is needed in order to estimate the prevalence of clinically significant balance and gait impairment in the ET population. This information was not provided.
A more direct approach to assess the risk that balance and gait deficits imposes on patients with ET, beyond their subjective feelings of unsteadiness, was taken by asking patients how many falls or near misses they experienced in the previous year [Louis et al. 2012; Parisi et al. 2006 ]. Two studies showed that the number of actual falls was not significantly different when patients with ET were compared with a healthy control group. The number of near misses was, however, significantly higher among patients with ET in one of the studies [Louis et al. 2012 ].
In that study, patients with ET had 26 near misses per year compared with only six in the healthy controls, and patients with ET with head tremor had even more near misses (67 per year). This finding implies that subpopulations of patients may be at higher risk of falls or near misses.
Are some patients with essential tremor more prone to balance and gait impairment?
A variety of studies have tried to assess the findings on neurological examination that can predict balance and gait impairments among patients with ET. Intention tremor, a subtype of kinetic tremor that typically increases as the limb moves closer to a target during visually guided movements, is found in about one-third of the patients with ET [Deuschl et al. 2000; Louis, 2009] . One group reported that this type of tremor was a significant risk factor for balance and gait impairments in ET [Fasano et al. 2010; Stolze et al. 2001] ; but another group was not able to replicate those results [Louis et al. 2010 ]. Tremor of the head (i.e. neck) [Louis et al. 2012; Parisi et al. 2006 ] and other cranial tremors, namely voice and jaw, are also clear predictors in some studies for balance and gait impairments among patients with ET [Bove et al. 2006; Hoskovcova et al. 2012; Louis et al. 2010] . Interestingly, the hallmarks of ET, postural and simple kinetic tremor of the upper extremities, were not found to correlate with deficits in balance and gait [Hubble et al. 1997; Kronenbuerger et al. 2009; Louis et al. 2010; Singer et al. 1994 ]. Also, the presence of leg tremor was not found to be correlated with these impairments [Fasano et al. 2010; Louis et al. 2010; Singer et al. 1994; Stolze et al. 2001] . Small studies that examined the contribution of ET medications (propranolol and primidone) to instability did not report any relation to gait and balance difficulties [Fasano et al. 2010; Stolze et al. 2001] .
Older age (>70 years) was consistently found to increase risk of balance and gait disturbances in ET [Hoskovcova et al. 2012; Hubble et al. 1997; Louis et al. 2010; Rao et al. 2011; Singer et al. 1994 ]. An older age of onset was associated with higher risk for deficits in one study [Louis et al. 2010 ] and duration of tremor longer than 5 years in another [Singer et al. 1994 ]. Yet whether age of tremor onset or tremor duration is a risk factor for the development of balance and gait disturbances in ET is still under debate [Hubble et al. 1997; Louis et al. 2012 Louis et al. , 2012 Singer et al. 1994 ]. Contradictory findings could reflect some difficulty in retrospectively assessing age of onset in an accurate way.
Potential therapies to improve balance and gait in essential tremor: where do we stand?
A variety of symptomatic therapies for the treatment of arm tremor in ET are considered effective in evidence-based reviews [Zesiewicz et al. 2011 ]. These include both pharmacological agents, the most effective and commonly used of which are propranolol and primidone, and surgical procedures. A much smaller amount of attention has been paid to possible therapeutic approaches for balance and gait impairment in ET. Ethanol, an agent that is known to transiently suppress arm tremor in ET, was reported to improve gait parameters in ET in a single study [Klebe et al. 2005 ]. This unexpected temporary improvement in the number of mis-steps (30% reduction), step width and step variability occurred with a mean blood ethanol level of 0.45%. No other studies, to our knowledge, have tested a potential positive effect of other pharmacological agents on gait in ET. The role of physical therapy is unexplored.
Currently, the most common surgical procedure for ET is DBS, with electrodes that are targeted to the thalamic ventralis intermedius nucleus. Few studies tested the potential benefit of this procedure for balance and gait. Impaired gait was conventionally considered a potential side effect of bilateral thalamic DBS and was reported by more than 50% of patients following this procedure [Pahwa et al. 2006] . Surprisingly, the studies that directly addressed the effect of stimulation, by examining each patient with ET during an 'on' and 'off ' state of the DBS stimulator, did not show aggravation of balance and gait impairments when the stimulator was 'on'. Moreover, while two studies were equivocal [Earhart et al. 2009; Kronenbuerger et al. 2009 ] others indicated a certain benefit of stimulation [Fasano et al. 2010; Ondo et al. 2006 ]. Fasano and colleagues found thalamic stimulation to be beneficial when the conventional therapeutic stimulation parameters were used, but not when supratherapeutic stimulation was applied [Fasano et al. 2010] . In this therapeutic range, the velocity of both routine walking and balance-assisted tandem gait improved, the number of mis-steps in tandem gait was lowered by half and step variability was reduced. The improvement, however, was only partial, and in all tested conditions, patients with ET performed more poorly than healthy controls.
Implications for the clinical assessment of patients with essential tremor
The combination of action tremor and severe gait ataxia should always raise an alternative diagnosis such as the possibility of fragile X-associated tremor/ataxia syndrome (FXTAS) due to CGG expansion in the FMR1 gene or a form of spinocerebellar ataxia. With this cautionary caveat aside, physicians who care for patients with ET should keep in mind that balance and gait deficits are part of the syndrome and might be clinically significant in some of their patients. Imbalance could cause the patient to avoid daily activities that require mobility and could lead to injuries as a result of falls. Since arm or head tremor is often the major symptom that concerns both the patient and their physician, these balance and gait impairments could be overlooked in office settings, especially because balance and gait impairments are not correlated with the severity of postural and kinetic tremor of the arms in ET. During clinical assessments, patients with ET should routinely be asked about balance and gait problems, near misses and actual falls. Balance and gait should be directly examined by assessing the patient's normal and tandem walks and by pulling the patient backward to test their recovery.
During the physical examination, findings that predict balance and gait deficits should be assessed. Emphasis should be given to the type of tremor (e.g. intention tremor) and its location (e.g. cranial). Clinicians should also be careful to distinguish ET from orthostatic tremor, which may be accompanied by feelings of unsteadiness and imbalance.
Open questions and future directions
In this last section, we raise a number of currently unanswered questions (see Box 2).
Should current diagnostic criteria be revised to incorporate a mild gait and balance impairment in essential tremor? Exclusion of neurological signs aside from action tremor is a feature of all of the currently utilized diagnostic schemes for ET [Deuschl and Elble, 2009; Nahab et al. 2007] . The presence of a growing number of studies that point to the presence of other 'cerebellar signs' in patients with ET suggests that the current diagnostic schemes should be reconsidered and perhaps revised to incorporate some of these additional neurological features.
Are clinically significant balance and gait impairments more prevalent in a subpopulation of patients with essential tremor? Evidence to date suggests that clinically significant balance and gait impairments are not likely to be equally distributed in the ET population, but rather, they likely effect a subpopulation of patients. There is some preliminary evidence that patients with cerebellar signs and midline tremors may be at higher risk of developing these gait and balance problems. Yet the number of studies has been small and further attempts at identification are needed. If and when such a subpopulation is identified, future studies of balance and gait in ET should focus on this subpopulation. Only after isolating this subpopulation will we be able to efficiently answer additional questions.
Does essential tremor impose a real risk for falls or only cause a subjective imbalance? Impaired tandem gait on neurological examination and mild ataxia in gait analysis are well established, but the burden of these deficits on the lives of the patients is less clear. The majority of studies in this field did not aim to clarify this issue. Some studies that investigated balance and gait in patients with ET even excluded patients who had clear gait deficits [Louis et al. 2010; Singer et al. 1994] or those who took medications that might affect gait [Kronenbuerger et al. 2009; Parisi et al. 2006 ] and therefore underestimated a true risk. A systematic study that will uncover the frequency of falls in the high-risk ET subpopulation will enable us to test different therapeutic approaches.
What therapeutic approaches improve balance?
After isolating a subpopulation at risk for falling, and assessing this risk, different therapeutic approaches can be tested. The use of this tiered approach is more likely to result in studies that demonstrate a proven benefit of therapy with a reasonably low number of test patients. Therapeutic approaches should include physical therapy, pharmacological agents (including those that are currently in common use for the treatment of ET, see below) and optimal DBS settings.
Ethanol was reported to improve gait parameters of ET in a single study [Klebe et al. 2005 ] but the possibility of clinically significant effect was never assessed. Obviously, chronic daytime consumption of ethanol cannot be recommended, even if a significant benefit would be found. The importance of this finding, however, lays in the fact that gait can be symptomatically improved by a chemical agent, and therefore, the search for an appropriate drug is not futile. This is especially encouraging in the absence of large-scale evidenced-based symptomatic therapies in other types of ataxia.
Symptomatic benefit of propranolol and primidone, the most frequently used agents in ET, should be assessed first. Clinical trials aiming to study these two agents could be performed with relative ease as these are generic drugs which are in common use. Sodium oxybate (Xyrem) was found to be an effective treatment for the ethanol-responsive tremor of ET, as well as for other ethanol-responsive movement disorders [Frucht et al. 2005 ]. The improvement of gait parameters with ethanol in ET calls for testing this drug as a symptomatic agent in patients with ataxic ET.
Experimental symptomatic therapies that were tested in small studies in other types of ataxia, such as varenicline and riluzole, could be tested next. Varenicline, a partial nicotinic acetylcholine agonist that is used for smoking cessation, was tested against placebo in a double-blind study of 20 patients with spinocerebellar ataxia type 3 and was found to improve gait ataxia within 8 weeks [Zesiewicz et al. 2012 ]. The improvement of gait, stance and 25 ft walk was mild (~15%) but statistically significant. Riluzole was tested in a doubleblind study in 40 patients with cerebellar ataxia due to various etiologies. The mean improvement in the gait score was approximately 14% [Ristori et al. 2010] .
Summary
The association between ET and deficits in gait and balance is well established. However, the true burden of these deficits on patients is not totally clear. We showed here that bedside testing and laboratory gait analysis have served to identify and then quantify the balance and gait impairments in ET, and have exposed some of the risk factors to develop these impairments, but the implication of these data in clinical settings is not entirely clear.
Understanding the true impact of these deficits on the life of patients with ET and isolating a subpopulation of patients who are prone to these impairments are crucial steps on the way to fully understand and address these deficits.
